Introduction
============

Toll-like receptors (TLRs) are signaling molecules that recognize pathogen-associated molecular patterns derived from bacteria, virus, or fungi.[@b1-ott-10-4339] Activation of TLRs triggers several signaling pathways and regulates downstream expression of a variety of genes. TLRs are, therefore, crucial for both innate immunity and adaptive immune responses.[@b2-ott-10-4339] Aberrant regulation of TLRs in human skin could, in part, lead to chronic inflammation and contribute to melanoma tumorigenesis. TLR7 and TLR8 (TLR7/8) are expressed in immune cells, including dendritic cells (DCs), as well as in keratinocytes and melanoma cells.[@b3-ott-10-4339] TLR7 binds to single-stranded RNA (ssRNA) of viruses or bacteria. TLR8 is phylogenetically related to TLR7 and, like TLR7, binds to viral ssRNAs and foreign bacteria.[@b4-ott-10-4339] Specific agonists of TLR7 and TLR8 have been used as targeted therapies in a variety of cancers, including pancreatic and bladder cancers, basal cell carcinoma, and melanoma.[@b1-ott-10-4339],[@b3-ott-10-4339],[@b5-ott-10-4339]--[@b7-ott-10-4339]

Activation of TLRs using agonists can modulate the signaling pathways of MyD88/NF-kB and interferon (IFN) regulatory factors (IRF) 3/7. TLR7/8 activation may thus result in the upregulation of chemokines and their receptors, either positively or negatively affecting tumor infiltration of immune cells.[@b8-ott-10-4339],[@b9-ott-10-4339] Although TLR7 agonists have been used to treat cancer patients, their ability to generate tumor-specific immunity and to kill tumor cells directly by activating innate immune responses remains controversial.[@b10-ott-10-4339],[@b11-ott-10-4339] Moreover, it has been theorized that TLR7 agonists may provoke inflammation and promote tumorigenesis in some cancer types.[@b12-ott-10-4339] Though few studies have addressed the clinical relevance of TLR7/8 in terms of its prognostic value in cancer and its association with immunological biomarkers, it is imperative to address the precise role of TLR7/8 during cancer progression.

In this study, we performed a systematic analysis of tumor TLR7/8 expression levels and survival data from a large cohort of melanoma patients provided by the publicly available databases, The Cancer Genome Atlas (TCGA) and GSE19234. Our data highlight the prognostic value of TLR7/8 in melanoma and we address its association with the expression of immune cell markers.

Methods
=======

Skin cutaneous melanoma database query and processing
-----------------------------------------------------

The calculated and normalized gene expression (level 3) data, and corresponding clinical data, of 473 melanoma samples were acquired from TCGA through the UCSC cancer browser.[@b13-ott-10-4339] We excluded duplicate samples from same patients and samples from patients without available survival data, with a final cohort of 427 patients for survival analysis. The clinical information of skin cutaneous melanoma (SKCM) patients used in this study included age, gender, and pathological TNM (tumor, node, and metastases) stage. Among the cohort of 427 patients, there were \~10% of patients who received radiation therapy (21/214 for TLR7 high vs 20/213 for TLR7 low) prior to the sample collection. For GSE19234 database sampling,[@b14-ott-10-4339] gene expression and clinical data were downloaded from the Gene Expression Omnibus (GEO) and processed using the R package "GEOquery".

Survival analysis
-----------------

To evaluate the prognostic value of TLR7/8, we categorized the patients into two groups, high and low, based on the median of TLR7 or TLR8 gene expression, respectively. Survival analysis between the "high" group and the "low" group in each analysis was assessed by Kaplan--Meier survival analysis and compared by two-sided log-rank test. To determine whether the prognostic value of TLR7/8 was independent of other clinical variables (eg, age, gender, and tumor stage), multivariate Cox regression was performed on each dataset by using the R package "survival", with survival as the dependent variable and TLR7 expression and other clinical variables as explanatory variables. Hazard ratios (HR) and 95% confidence intervals (CI) were calculated.

Correlation analysis
--------------------

Pearson's correlation tests were used to study the association between the expressions of TLR7/8 and genes of interest in tumor samples. HRs and 95% CIs were then calculated. All graphical presentations were done using GraphPad Prism 6.0.

Results
=======

High levels of TLR7/8 expression predict better prognoses in patients with melanoma
-----------------------------------------------------------------------------------

Taking advantage of the publicly available database TCGA, we accessed the normalized tumor gene expression levels and corresponding clinical data of 473 SKCM patients. As shown in [Figure 1A](#f1-ott-10-4339){ref-type="fig"}, our survival analysis indicated that high TLR7 expression levels predict longer overall survival times (HR =1.734, *P*=0.0002) for these patients. Similar results were observed in the survival analysis stratified with TLR8 expression levels (HR =2.072, *P*\<0.0001, [Figure 1B](#f1-ott-10-4339){ref-type="fig"}). To validate these results, we analyzed a second dataset, GSE 19234,[@b14-ott-10-4339] with gene expression levels and clinical data of 44 melanoma patients. Despite the smaller patient cohort, our survival analysis with the GSE19234 database indicated that high levels of TLR7 expression also predict longer overall survival times (HR =2.492, *P*=0.023, [Figure 1C](#f1-ott-10-4339){ref-type="fig"}). A similar trend was observed in our survival analysis stratified with TLR8 expression levels (HR =1.772, *P*=0.19, [Figure 1D](#f1-ott-10-4339){ref-type="fig"}).

Both *TLR7* and *TLR8* genes are located in human chromosome Xp22.2.[@b4-ott-10-4339] We, therefore, sought to assess the association between TLR7 and TLR8 expression levels. Our results indicated a strong correlation between the expression levels of TLR7 and TLR8 (*r*=0.8903, *P*\<0.0001, [Table 1](#t1-ott-10-4339){ref-type="table"}). Next, we performed multivariate survival analysis and found that high TLR7 expression levels were significantly associated with better prognosis independent of other variables ([Table 2](#t2-ott-10-4339){ref-type="table"}). These results suggest that TLR7 is a prognostic factor of melanoma independent of age, gender, and TNM stage.

TLR7/8 expression levels are correlated with the expression of CD11b and CD11c
------------------------------------------------------------------------------

TLR7/8 has been found to be expressed in macrophages, monocytes, and DCs. We, therefore, assessed the correlation between the expressions of TLR7/8 levels and DC-specific markers. We found a strong correlation between the expressions of TLR7 levels and CD11b (ITGAM) and CD11c (ITGAX) levels ([Figure 2](#f2-ott-10-4339){ref-type="fig"} and [Table 1](#t1-ott-10-4339){ref-type="table"}). Expression levels of TLR7 correlated well with that of FLT3G, an important marker for a subset of DCs, but not with the levels of IFNβ (IFNB1) or IRF3. These findings confirm the relationship between TLR7/8 expression and DC infiltration, though the role TLR7 plays in activating downstream signaling requires further functional analysis.

Expression levels of TLR7/8 are correlated with that of chemokines and their receptors
--------------------------------------------------------------------------------------

To test whether TLR7/8 is involved in immune cell infiltration and trafficking, we performed correlation analysis between the expression levels of TLR7/8 and chemokines and their receptors. Our data showed that the levels of TLR7 strongly correlated with that of CCR2 (*r*=0.8337, *P*\<0.0001) and CCR5 (*r*=0.8448, *P*\<0.0001) ([Figure 3](#f3-ott-10-4339){ref-type="fig"} and [Table 1](#t1-ott-10-4339){ref-type="table"}). There was also a correlation between the expression levels of TLR7/8 and chemokine ([Figure 3](#f3-ott-10-4339){ref-type="fig"} and [Table 1](#t1-ott-10-4339){ref-type="table"}).

Expression levels of TLR7/8 are correlated with that of CD8^+^ T-cell functional markers
----------------------------------------------------------------------------------------

Because high levels of CD8^+^ T-cell infiltration have been shown to be associated with better survival rates in patients with melanoma,[@b15-ott-10-4339] we sought to investigate the correlation between the expression levels of TLR7 and CD8^+^ T-cell response-related genes. As shown in [Figure 4](#f4-ott-10-4339){ref-type="fig"} and [Table 1](#t1-ott-10-4339){ref-type="table"}, we found that TLR7 expression levels are significantly associated with CD8A expression (*r*=0.7329, *P*\<0.0001). More importantly, expression levels of TLR7/8 also correlated with genes such as perforin (PRF1), granzyme B (GZMB), and IFNg (IFNG), which are well-known indicators of CD8^+^ T-cell cytotoxic function. These findings suggest that TLR7/8 expression is associated with CD8^+^ T-cell tumor infiltration and functions.

Discussion
==========

TLRs are important components of innate immunity in skin tissues and their dysregulation has been shown to contribute to the development of melanoma.[@b1-ott-10-4339],[@b16-ott-10-4339] The role of TLRs in cancer is controversial, as increased expression and activation of these proteins may result in pro- or antitumorigenic effects depending on the cellular context. Ligand activation of TLRs on DCs triggers type-I IFN expression and contributes to killing and removing cancer cells.[@b17-ott-10-4339] It was previously reported that elevated TLR9 expression levels are associated with better overall survival in patients with breast cancer.[@b18-ott-10-4339] However, some studies also have reported that aberrant activation of TLR enhances inflammation and promoted tumorigenesis.[@b16-ott-10-4339],[@b17-ott-10-4339] Noteworthy, a recent study that immunohistologically analyzed TLR7 expression levels in a small number (n=30) of cutaneous malignant melanoma patients did not establish a significant correlation between TLR7 protein expression and relapse-free survival.[@b12-ott-10-4339] Thus, it is imperative to clarify the prognostic value of TLR7 using a larger patient cohort. In our current study, we analyzed the TCGA SKCM database, with more than 400 patients' data, and revealed the clinical prognostic value of TLR7/8 in melanoma. Here, we observed that patients with high tumor expression levels of TLR7/8 had longer overall survival rates. Our results were validated using another published dataset, GSE19234. Moreover, according to multivariate analysis, high expression level of TLR7/8 protein was a prognostic factor independent of age, gender, or TNM stage. To the best of our knowledge, this is the first report to demonstrate a positive prognostic value of TLR7/8 in melanoma.

TLRs are expressed on the surface of immune cells, such as DCs, which are antigen-presenting cells. In agreement, our data show a strong correlation between the expressions of TLR7/8 and DC-specific markers, such as CD11c. The binding of endogenous ligands or synthetic agonists to TLRs triggers a cascade of signaling events and the upregulation of several chemokines and their receptors.[@b16-ott-10-4339] Indeed, intratumoral administration of a TLR7/8 agonist generated systemic antitumor immunity against B16.F10 melanoma tumors accompanied by an increase in the levels of CCL2 and infiltration of M1 phenotype--shifted macrophages.[@b19-ott-10-4339] TLR7/8 activation also promotes tumor eradication by activating a combination of immune cells, chemokines, and chemokine receptors at the tumor site.[@b20-ott-10-4339],[@b21-ott-10-4339] In parallel, our data indicate that expression levels of TLR7/8 are strongly correlated with that of CCR2, CCR5, and their respective ligands, CCL2, CCL3, CCL4, and CCL5. We speculate that high levels of TLR7/8 in melanoma induce a chemoattracting microenvironment, ultimately resulting in the recruitment of immune cells to the tumor site.

TLR activation has been shown to promote DC maturation and the production of cytokines, potentially resulting in the activation of specific type of T-cell immunity, involving the recruitment of CD8^+^ T cells.[@b22-ott-10-4339],[@b23-ott-10-4339] Tumor-infiltrating CD8^+^ T cells are an important prognostic factor for patients with a variety of cancer types.[@b15-ott-10-4339] An increased presence of CD8^+^ T cells at the tumor site is a key to obtaining a therapeutic response using immunotherapy (eg, PD-1/PD-L1 antibodies).[@b24-ott-10-4339] In the present study, we demonstrated a strong correlation between the expression levels of TLR7/8 and CD8A. Moreover, we found that expression levels of TLR7/8 were associated with that of CD8^+^ T cell-specific markers, including perforin, granzyme B, and IFNg. Taken together, these data suggest that TLR7/8 expression is closely associated with CD8^+^ T-cell immunity. Interestingly, we found that the expression of those genes that had a strong positive correlation with TLR7/8 expression (*r*\>0.5) also predicted better patient outcomes. These genes included CCR2, CCR5, CD8A, IFNG, GZMB, and PRF1. These results further validate the correlation between TLR7/8 expression and DC/T-cell infiltration and trafficking in melanoma. Ultimately, these findings may provide new insights for the development of novel immunotherapies to treat melanoma and other types of cancer.

We recognize that there exist several limitations to our study. First, our analysis was primarily performed using an open public database with a large cohort of patients and RNAseq gene data. The gene expression data we collected were for tumor tissues, which contained not just tumor cells but also stromal cells and immune cells. The contribution of each cell type remains unclear and requires further analysis, such as immunohistochemical analysis of TLR protein expression. Second, while our correlation analysis provided important results, functional experiments are required to further validate them.

Conclusion
==========

We report that TLR7/8 expression represents an independent prognostic factor in patients with melanoma. Our data demonstrate that expression levels of TLR7/8 highly correlated with that of chemokines and their receptors. We also show a strong association between TLR7/8 expression and CD8^+^ T-cell immunity. Our findings not only provide an important reference for the clinical prognosis of melanoma but also present a new therapeutic modality for the development of melanoma immunotherapy.
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![Transcriptional levels of TLR7 and TLR8 predict the clinical outcome of patients with melanoma. Survival analysis of melanoma patients (TCGA database) is shown with high and low expressions of TLR7 (**A**) and TLR8 (**B**). Survival analysis of melanoma patients (GSE19234) is shown with high and low expressions of TLR7 (**C**) and TLR8 (**D**). The patients were divided into two groups based on the median mRNA expression levels of TLR7 and TLR8.\
**Abbreviations:** TLR, Toll-like receptor; TCGA, The Cancer Genome Atlas.](ott-10-4339Fig1){#f1-ott-10-4339}

![Correlation analysis between expressions of TLR7 and factors associated with dendritic cells (DC). Correlation analysis between (**A**) TLR7 and ITGAM, (**B**) TLR7 and ITGAX, (**C**) TLR7 and IFNB, and (**D**) TLR7 and IRF3.\
**Note:** *r*, Pearson's correlation coefficient.\
**Abbreviations:** TLR, Toll-like receptor; IRF3, interferon regulatory factor 3; IFNB, interferon B.](ott-10-4339Fig2){#f2-ott-10-4339}

![Correlation analysis between expressions of TLR7 and chemokines and their receptors. Correlation analysis between (**A**) TLR7 and CCR2, (**B**) TLR7 and CCR5, (**C**) TLR7 and CCL2, and (**D**) TLR7 and CCL5.\
**Note:** *r*, Pearson's correlation coefficient.\
**Abbreviation:** TLR, Toll-like receptor.](ott-10-4339Fig3){#f3-ott-10-4339}

![Correlation analysis between expression levels of TLR7 and CD8^+^ cytotoxic T-cell markers. Correlation analysis between (**A**) TLR7 and CD8A, (**B**) TLR7 and IFNG, (**C**) TLR7 and GZMB, and (**D**) TLR7 and PRF1.\
**Note:** *r*, Pearson's correlation coefficient.\
**Abbreviations:** TLR, Toll-like receptor; IFNG, interferon gamma.](ott-10-4339Fig4){#f4-ott-10-4339}

###### 

Correlation analysis of TLR7/8 and genes of interest

  Genes      TLR7      TLR8                                                            
  ---------- --------- -------------------- ---------- ---------- -------------------- ----------
  *CCL2*     0.5852    0.5225--0.6415       \<0.0001   0.6211     0.5624--0.6736       \<0.0001
  *CCL3*     0.5302    0.4622--0.5921       \<0.0001   0.615      0.5557--0.6682       \<0.0001
  *CCL4*     0.6982    0.6488--0.7417       \<0.0001   0.8052     0.7710--0.8348       \<0.0001
  *CCL5*     0.6795    0.6278--0.7252       \<0.0001   0.7656     0.7255--0.8005       \<0.0001
  *CCR2*     0.8337    0.8039--0.8592       \<0.0001   0.8662     0.8418--0.8871       \<0.0001
  *CCR5*     0.8448    0.8169--0.8688       \<0.0001   0.904      0.8860--0.9192       \<0.0001
  *CD3E*     0.7355    0.6912--0.7744       \<0.0001   0.7949     0.7591--0.8258       \<0.0001
  *CD4*      0.8087    0.7750--0.8378       \<0.0001   0.8267     0.7959--0.8533       \<0.0001
  *CD8A*     0.7329    0.6882--0.7720       \<0.0001   0.8204     0.7885--0.8478       \<0.0001
  *CD8B*     0.7052    0.6568--0.7478       \<0.0001   0.7899     0.7534--0.8216       \<0.0001
  *FLT3*     0.7221    0.6760--0.7627       \<0.0001   0.7331     0.6885--0.7723       \<0.0001
  *FLT3LG*   0.5328    0.4649--0.5944       \<0.0001   0.5399     0.4727--0.6008       \<0.0001
  *GZMA*     0.7354    0.6911--0.7743       \<0.0001   0.8283     0.7977--0.8546       \<0.0001
  *GZMB*     0.5902    0.5282--0.6460       \<0.0001   0.7203     0.6739--0.7610       \<0.0001
  *GZMK*     0.7773    0.7390--0.8107       \<0.0001   0.8406     0.8120--0.8652       \<0.0001
  *IFNA1*    −0.0344   −0.1242 to 0.05591   0.4549     −0.03214   −0.1220 to 0.05821   0.4856
  *IFNAR1*   0.3979    0.3192--0.4712       \<0.0001   0.3468     0.2649--0.4237       \<0.0001
  *IFNAR2*   0.4473    0.3721--0.5166       \<0.0001   0.4728     0.3997--0.5400       \<0.0001
  *IFNB1*    0.2058    0.1178--0.2905       \<0.0001   0.1833     0.09463--0.2690      \<0.0001
  *IFNG*     0.648     0.5925--0.6975       \<0.0001   0.7714     0.7321--0.8055       \<0.0001
  *IFNGR1*   0.4204    0.3433--0.4920       \<0.0001   0.4327     0.3564--0.5032       \<0.0001
  *IRF3*     0.03714   −0.05322 to 0.1269   0.4203     0.06945    −0.02086 to 0.1586   0.1315
  *IRF7*     0.2944    0.2098--0.3747       \<0.0001   0.2596     0.1735--0.3418       \<0.0001
  *ITGAE*    0.3322    0.2495--0.4101       \<0.0001   0.3708     0.2904--0.4461       \<0.0001
  *ITGAM*    0.7734    0.7344--0.8073       \<0.0001   0.7869     0.7500--0.8190       \<0.0001
  *ITGAX*    0.5687    0.5044--0.6268       \<0.0001   0.6178     0.5587--0.6706       \<0.0001
  *MYD88*    0.4415    0.3659--0.5113       \<0.0001   0.4432     0.3678--0.5129       \<0.0001
  *PRF1*     0.6673    0.6141--0.7145       \<0.0001   0.8007     0.7658--0.8309       \<0.0001
  *TLR8*     0.8903    0.8700--0.9076       \<0.0001                                   

**Abbreviations:** CI, confidence interval; TLR, Toll-like receptor.

###### 

Multivariate cox analyses applied to survival model

  Parameters                           HR      95% CI          *P*-value
  ------------------------------------ ------- --------------- -----------
  TLR7 (low vs high)                   1.982   1.463--2.687    \<0.0001
  Gender (female vs male)              1.046   0.7598--1.440   0.783
  Age                                  1.026   1.0159--1.037   \<0.0001
  TNM stage (III and IV vs I and II)   1.671   1.23--2.269     0.001

**Abbreviations:** HR, hazard ratio; CI, confidence interval; TNM, tumor, node, and metastases; TLR, Toll-like receptor.
